Introduction
Fusion of cargo vesicles to the target membrane is the prevailing mechanism for the delivery of fresh lipids and proteins to organelles, and for the secretion of neurotransmitters and hormones. The machinery that brings about intracellular membrane fusion is thought to be built around the SNARE proteins that are widely conserved from yeast to humans (Söllner et al, 1993; Rothman, 1994; Jahn and Sü dhof, 1999; Lin and Scheller, 2000; Brunger, 2001; Rizo and Sü dhof, 2002) . A crucial step is the formation of the core SNARE complex between the vesicle-associated (v-) SNARE and the target plasma membrane (t-) SNARE. Conserved coiled-coil motifs from individual SNAREs associate and twist to form a stable helical bundle (Hanson et al, 1997; Lin and Scheller, 1997; Katz et al, 1998; Poirier et al, 1998; Sutton et al, 1998; Antonin et al, 2002 , Kweon et al, 2003a .
The SNARE family involved in neurotransmitter release at synapses and that participating in yeast protein trafficking are two best characterized systems (Gerst, 2003; Jahn et al, 2003) . In the neuron, an integral membrane protein synaptobrevin is v-SNARE, and syntaxin 1A and SNAP-25 are two t-SNARE proteins residing in the plasma membrane. In yeast, Snc is v-SNARE, while Sso and Sec9 are yeast counterparts of syntaxin and SNAP-25, respectively (Aalto et al, 1993; Protopopov et al, 1993; Brennwald et al, 1994; Ferro-Novick and Jahn, 1994) . There are remarkable sequence similarities between these two SNARE families, implying conserved functions (Weimbs et al, 1997) .
Perhaps the most profound difference between two fusion systems is the way in which membrane fusion is regulated (Gerst, 2003; Jahn et al, 2003) . Yeast fusion machinery is constitutively active to support the steady-state flow of lipids and proteins to cell compartments, although regulatory factors such as Sec1, the N-terminal domain of Sso1p, and protein kinase A have been identified (Nicholson et al, 1998; Jahn and Sü dhof, 1999; Marash and Gerst, 2001 ). In contrast, membrane fusion in the neuron is tightly regulated and primarily triggered by the Ca 2 þ signal (Chen et al, 1999) . Several regulatory proteins such as Ca 2 þ -sensing synaptotagmin (Chapman, 2002; Sü dhof, 2002) , Munc-13 (Augustin et al, 1999; Rosenmund et al, 2002) , and complexin (Chen et al, 2002; Pabst et al, 2002) have been found in neuronal cells. At present, the exact roles of individual regulators are not well understood beyond the general belief that SNARE assembly is influenced by the regulators.
Previously, Rothman and co-workers demonstrated that SNAREs are the minimal fusion machinery (Weber et al, 1998) . Their results suggest that SNARE complex formation directly promotes membrane fusion. However, it has been recently shown that neuronal v-and t-SNAREs reconstituted into the separate membranes do not spontaneously engage one another to form the complex (Hu et al, 2002; Kweon et al, 2003b) . The assistance of other proteins such as calcium sensor appears to be necessary for SNARE assembly and membrane fusion (Hu et al, 2002) . The structure of membrane-bound synaptobrevin determined with EPR provided important insights into the mechanism of this regulation of SNARE complex formation (Kweon et al, 2003b) . For yeast SNAREs, however, such regulation might not be operative because membrane fusion is constitutively active.
In this work, we demonstrate that yeast v-and t-SNAREs reconstituted on the separate membranes spontaneously associate to form the complex, different from the inhibition observed for neuronal SNAREs (Hu et al, 2002; Kweon et al, 2003b) . The EPR results correlated well with the results of fusion that significant membrane fusion was observed for reconstituted yeast SNAREs in the fusion assay, while no fusion was detected for reconstituted neuronal SNAREs under biologically relevant conditions. Further, using EPR, we examined the structure and the membrane topology of reconstituted yeast v-SNARE Snc2p. It was found that none of the amino acids in the coiled-coil motif is deeply inserted into the acyl chain region of the bilayer, making the coiled-coil motif fully available for complex formation.
Results

EPR assay of core SNARE complex formation
The coiled-coil motif of yeast v-SNARE Snc is largely unstructured and freely moving in solution. However, when complexed with t-SNAREs (Couve and Gerst, 1994; Rossi et al, 1997) , the polypeptide becomes a-helical (Nicholson et al, 1998) , which significantly reduces the degree of freedom for the peptide backbone as well as for the amino-acid side chains. Site-directed spin labeling (SDSL) and EPR spectroscopy are very effective in detecting such secondary structural changes (Hubbell et al, 1998 (Hubbell et al, , 2000 .
In SDSL, native amino acids are site-specifically replaced one by one with cysteines, to which the nitroxide side chain is attached. The EPR line shape is sensitive to the motional rates of the nitroxide. The helix formation usually involves a large EPR line-shape change from a narrow spectrum reflecting the fast motion of the nitroxide to a broad spectrum reflecting the slow motion Mchaourab et al, 1996) . Further, with SDSL, conformational changes can be monitored at various locations of the polypeptide chain.
First, as a control, we examined the core complex formation between soluble SNAREs using SDSL and EPR spectroscopy. Soluble parts of individual SNAREs containing coiled-coil motifs Sso1pH3 (amino acids 185-265 of Sso1p), Sec9c (amino acids 401-651 of Sec9), and Snc2pS (amino acids 1-93 of Snc2p) were subcloned and expressed in Escherichia coli. The purity of all recombinant proteins was examined by the SDS-PAGE analysis after purification ( Figure 1A ). For EPR measurements, five spin-labeled mutants of Snc2pS covering the coiled-coil motif (R32C, I46C, G53C, E60C, and G76C) were prepared and labeled with methanethiosulfonate spin label (MTSSL). EPR spectra of spin-labeled Snc2pS were all narrow, reflecting the fast motion of the nitroxide, characteristic of a freely moving random coil ( Figure 2B ). However, as expected, the addition of t-SNAREs Sec9c and Sso1pH3 changed the EPR spectra to all broad, reflecting the slow motion of the nitroxides, which indicates the transition from an unstructured state to the helical structure due to spontaneous core complex formation ( Figure 2C ).
Next, recombinant SNAREs containing transmembrane domains (TMD) Sso1pHT (amino acids 185-290 of Sso1p) and Snc2pF (amino acids 1-115 of Snc2p) were examined with EPR. Five cysteine mutants of Snc2pF at the same positions (R32C, I46C, G53C, E60C, and G76C) were prepared for spin labeling (Figure 2A) . Again, the purity of SNARE proteins was examined with SDS-PAGE ( Figure 1A ). Spinlabeled mutants were then reconstituted into 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) vesicles containing 15 mol% negatively charged dioleoylphosphatidylserine (DOPS), a lipid composition commonly used to mimic the native cellular membrane (Weber et al, 1998; Parlati et al, 1999; McNew et al, 2000) . We reconstituted t-SNAREs into separate vesicles of the same lipid composition for the mixing experiment. After reconstitution, the integrity of vesicles was verified with negative-staining electron microscopy ( Figure 1B) . Except for G76C, EPR spectra are narrow and reflect the fast motion of the nitroxide, indicating that the coiled-coil motif region is largely unstructured and freely moving ( Figure 3A) . The spectrum for membrane-proximal G76C is relatively broad, most likely due to the membranepeptide interaction because the polypeptide chain is anchored to the membrane via TMD (see below). However, when mixed with soluble t-SNAREs or vesicles carrying t-SNAREs, we observed the broad component (arrows in Figure 3C and D) for all mutants, clearly indicating that SNARE complex formation has occurred, consistent with the previous reported results (McNew et al, 2000) . EPR spectra were collected at 201C within 30 min after mixing t-and v-SNAREs. There were no significant further spectral changes after 30 min.
For reconstituted SNAREs, complex formation is less than quantitative. The narrow spectral components (asterisks in Figure 3 ) represent unstructured Snc2pF that does not participate in complex formation. The standard spectral decomposition analysis (see the legend of Figure 3 ) revealed that the percentages of complex formation for Snc2pF range from 33 to 91%, depending on the spin-labeled positions, indicating some but not serious perturbations due to spin labeling.
Such spontaneous SNARE assembly for the yeast system is quite different from what has been observed for neuronal SNAREs for which SNARE complex formation is inhibited due to the v-SNARE-membrane interactions (Kweon et al, 2003b) . EPR is sufficiently sensitive to detect small spectral changes due to complex formation, as little as a few percents. No spectral changes were detected for reconstituted neuronal SNAREs within experimental uncertainty (Kweon et al, 2003b ; see the Supplementary data), indicating negligible SNARE complex formation.
Membrane-bound structure of Snc2pF
To explore the structural basis for spontaneous complex formation for reconstituted yeast SNAREs, we investigated the membrane-bound structure of Snc2pF using SDSL EPR. For neuronal SNARE assembly, it was found that the COOHterminal end of the v-SNARE coiled-coil motif plays a key role in inhibiting neuronal SNARE assembly. This region inserts deeply into the membrane with high affinity, reducing its accessibility to t-SNAREs, which perhaps restricts SNARE assembly kinetically and thermodynamically (Kweon et al, 2003b) .
We prepared 20 consecutive spin-labeled mutants of Snc2pF (G76C-L95C) for SDSL EPR. After reconstitution into the membrane, the EPR spectra of spin-labeled mutants were collected at room temperature ( Figure 4 ). From G76C through R81C, EPR spectra are composed of two components. The narrow component represents the freely moving polypeptide chain in the solution phase. The broad component represents the species interacting with the membrane surface. However, from K82C through L95, EPR spectra display mainly broad lineshapes, typical for the nitroxides interacting fully with the viscous bilayer (Rabenstein and Shin, 1995) . We do not observe any sign of the spin-spin coupling in the EPR spectra, suggesting that synaptobrevin is mostly monomeric.
The EPR saturation method to measure accessibilities (Altenbach et al, 1994) was used to characterize the secondary structure and membrane topology of yeast v-SNARE Snc2pF at the water-membrane interface Kweon et al, 2002) . We measured the accessibility of the nitroxide to a water-soluble paramagnetic reagent, nickelethylenediaminediacetic acid (NiEDDA) (W NiEDDA ), to estimate the solvent exposure of the spin-labeled site. We also determined the accessibility to a nonpolar paramagnetic reagent, molecular oxygen (W O 2 ), to probe the immersion into the membrane interior. EPR spectra are composed of two components: the sharp one (&midast;) representing uncomplexed Snc2pF and the broad one (arrows) representing the SNARE complex. For each spinlabeled mutant, the composite spectrum is basically the sum of the spectrum in (A) and the spectrum similar to those in Figure 2C , in an appropriate ratio. The standard spectral decomposition analysis (Thorgeirsson et al, 1996) provides the fraction of Snc2pF in the complex (f complex ) and that in an unstructured form (f free ). For each mutant, the percentage of complex formation was calculated from the equation [f complex /(f complex þ f free ) Â 100]: R32C, 68%; I46C, 60%; G53C, 84%; E60C, 82%; and G76C, 40%. (C) EPR spectra for R-Snc2pF mixed with Sso1pH3 and Sec9c (soluble tSNAREs) in the absence of the detergent. The percentages of complex formation for individual mutants are: R32C, 60%; I46C, 62%; G53C, 91%; E60C, 76%; and G76C, 50%. (D) EPR spectra taken after mixing R-Snc2pF with R-Sso1pHT and Sec9c. The percentages of complex formation for individual mutants are: R32C, 38%; I46C, 33%; G53C, 82%; E60C, 85%; and G76C, 49%. In all cases, the four-fold molar excess of t-SNAREs was mixed with reconstituted v-SNARE mutants.
For reconstituted Snc2pF, an overall decrease in W NiEDDA was observed along the sequence, while an overall increase was detected for W O 2 ( Figure 5A ). Importantly, we notice substantial peaks and valleys in the region of 84-91, suggesting the presence of a secondary structure. It was previously found that the ratio of W O 2 to W NiEDDA is proportional to the immersion depth of spin label. The immersion depths were calculated from the standard curve (Altenbach et al, 1994; Macosko et al, 1997) .
The immersion depths show a periodic oscillation in the region of residues 84-91. We fit the data with a sine function with an additional variable that incorporates the tilt of the helix with respect to the membrane. The immersion depth results fit well with an a-helical geometry in this region ( Figure 5B ). In addition, the fitting suggested that this short two-turn helical segment has a tilted orientation, at an angle of 401 with respect to the membrane normal (Macosko et al, 1997; Kweon et al, 2003b) .
We note that EPR reported an immersion depth of B11 Å for position 90, for which the native residue is lysine. However, it is likely that the location of the lysine side chain is shallower. The positive charge on K90 could snorkel out to seek the negative changes on phosphate, in contrast to what is expected for a relatively nonpolar nitroxide side chain.
Comparison of membrane topologies of yeast Snc2pF and neuronal synaptobrevin
It appears that yeast Snc2pF and neuronal synaptobrevin share similar overall membrane topology: The long unstructured region is connected to the short helical segment that enters the membrane with an oblique angle. Presumably, the short helical segment is joined to the membrane-spanning ahelical TMD via a few disordered residues (Figure 6 ) (Kweon et al, 2003b) . However, the difference between two structures does exist with the location of the short helical segment along the primary sequence. For synaptobrevin, the helical segment is part of the coiled-coil motif, and it is oriented in such a way that the membrane-seeking tryptophan (Trp) residues are located near the C-terminal end of the segment. As a result, Figure 4 Room temperature EPR spectra for the interfacial region of reconstituted (R-) Snc2pF. We note that the EPR spectrum for G76C here is slightly different from that in Figure 3A : the sharp component is a little less in the latter. The spectral decomposition analysis of the spectrum of G76C in Figure 4 indicated that there was an approximately 5% contamination of freely diffusing free spin species in the sample, which should not alter the accessibility parameter values. The first derivative mode presentation of EPR spectra makes such small contamination conspicuous. two Trp residues are inserted deep into the acyl chain region of the bilayer (Yau et al, 1998; Kweon et al, 2003a) . In contrast, for Snc2pF, two Trp residues are located near the beginning of the short helical segment. Moreover, the orientation of the helix makes two Trp residues point upward and makes deep penetration into the membrane difficult ( Figure 6B) . Consequently, the affinity of the short helical segment to the membrane for Snc2p is likely to be much lower than that for neuronal synaptobrevin (Thorgeirsson et al, 1996; Wimley and White, 1996) .
Further, the crystal structure of the neuronal core SNARE complex suggests that the coiled coil terminates at residue 92 for synaptobrevin (Sutton et al, 1998) . On the basis of the sequence alignment, the corresponding terminal residue for Snc2pF should be position 89 ( Figure 6C ). If this is true, none of the amino acids in the coiled-coil motif appears to be inserted into the acyl chain region of the bilayer for Snc2pF ( Figure 5A ), suggesting some but weak affinity of the interfacial region to the membrane.
One might argue that the substitution of the nitroxide side chain might have contributed somewhat to the discrepancy between neuronal and yeast v-SNAREs. We compared the fluorescence quenching of Trp residues by lipid quenchers in which fluorescence-quenching bromines are attached to the acyl chain (Figure 7 ) (Chattopadhyay and London, 1987; Abrams and London, 1992) . It is shown that added lipid quenchers (6,7)-and (11,12)-PC influence the Trp fluorescence of Snc2pF much less than it does for synaptobrevin, which suggests that Trp residues of synaptobrevin are deeper in the membrane than those of Snc2p, consistent with the EPR results.
Proteoliposome fusion assays support the structure-based regulatory mechanism SNARE assembly might drive membrane fusion. Since reconstituted yeast SNAREs form the complex spontaneously, in contrast to the inhibition of neuronal SNARE assembly, we expect spontaneous membrane fusion with yeast SNAREs. To test this, we reconstituted Sso1pHT into POPC vesicles containing 15 mol% DOPS. We also reconstituted Snc2pF into the separate vesicles of the same lipid composition, but with fluorescent lipids for the measurement of lipid mixing. In both cases, the lipid-to-protein ratio was approximately 300:1.
First, as a control, we mixed Sso1pHT-reconstituted vesicles and Snc2pF-reconstituted vesicles without Sec9c. Over a period of 100 min, we did not observe any fluorescence change (black line in Figure 8 ). However, when we preincubated Sso1pHT-reconstituted vesicles with sec9c for 30 min and subsequently mixed this solution with Snc2pF-reconstituted vesicles, we observed the slow but steady increase of fluorescence signal (red line in Figure 8 ), indicating lipid mixing. The fluorescence change detected in the period of 6000 s corresponds to one 'round of fusion' on the basis of the calculation given by Rothman and coworkers (McNew et al, 2000) .
In sharp contrast, when neuronal SNAREs were tested under identical conditions, we did not observe any fluorescence change (blue line in Figure 8 ), indicating that no lipid mixing had occurred during the period of nearly 2 h. The results are in accordance with the previous EPR data that suggest the inhibition of neuronal SNARE assembly under such conditions. However, our current results are quite different from those from the Rothman fusion assay in which slow but apparent lipid mixing was observed (Weber et al, 1998) . The Rothman fusion assay required an unnatural lipid-to-protein ratio of B20:1 for vesicular SNARE synaptobrevin, which is exceedingly higher than the ratio of 150-1000:1 in natural synaptic vesicles (Weber et al, 1998; Kweon et al, 2003b) . Thus, the results from the lipid-mixing fusion assays are fully consistent with the present EPR data, and support the proposed mechanism for the regulation of SNARE assembly and membrane fusion by the membrane.
The time scale of membrane fusion appears to be much slower than the time scale of SNARE assembly assayed by EPR. We, however, note that the protein concentration used in the fusion assay is at least 10 times less than that used for the EPR assay, which is qualitatively in line with the difference between the two time scales, warranting further investigation.
Discussion
Yeast v-SNARE Snc2p shares 50% sequence identity with the neuronal counterpart synaptobrevin ( Figure 6C) . Further, the EPR results suggest that the structure and the membrane topology of Snc2p are generally similar to those of synaptobrevin. Yet, there are significant differences between the two in the detailed arrangement of amino acids in the topological structure. For neuronal synaptobrevin, the COOH-terminal region of the coiled-coil motif is deeply inserted into the membrane, restricting the accessibility of the region for SNARE assembly. Particularly, two Trp residues, which are anchored in the acyl chain region of the bilayer, help stabilize the short helical segment in the membrane. This membraneembedded segment controls the fate of the entire coiled-coil motif for complex formation (Kweon et al, 2003b ). In contrast, the interfacial residues of Snc2p are bound shallow in the polar surface of membrane and none of the coiled-coil residues is anchored into the acyl chain region of the bilayer. This is likely to make the whole coiled-coil motif accessible to t-SNAREs for complex formation.
There are several factors that might have contributed to the topological differences between the two systems. First, the putative TMD of synaptobrevin is three residues shorter than that of Snc2p ( Figure 6C) . Therefore, the interfacial region of synaptobrevin could be pulled more towards the membrane than it is for Snc2p. Second, for Snc2p, position 88 is negatively charged aspartic acid, whereas the corresponding residue in synaptobrevin is asparagine. In an attempt to understand the effect of the aspartic acid to asparagine mutation, we made the D88N mutant of Snc2p. However, this mutation alone did not alter the ability of Snc2p to interact with t-SNAREs spontaneously. Therefore, it appears that multiple factors contribute cooperatively to the better stability of synaptobrevin in the membrane than Snc2p.
In conclusion, using EPR assay, we have demonstrated that yeast SNARE assembly is spontaneous (Figure 3 ), leading to spontaneous membrane fusion (red line in Figure 8 ). In contrast, neuronal SNARE assembly is tightly regulated (Kweon et al, 2003b) , resulting in the inhibition of membrane fusion (blue line in Figure 8 ). Interestingly though, the EPR results suggested that yeast Snc2p shares the same global membrane topology with neuronal synaptobrevin. However, unlike the case with synaptobrevin, the coiled-coil motif of Snc2p floats in or above the polar region of the bilayer, so that it may readily engage with t-SNAREs to form the SNARE complex. The yeast-trafficking fusion machinery is constitutively active and need not be regulated, in sharp contrast to the tightly regulated neuronal exocytosis. Further, the key neuronal regulatory proteins such as synaptotagmin are not found in yeast systems. Therefore, although speculative, the EPR data might suggest that the v-SNARE- Figure 8 Lipid-mixing fusion assays monitored by fluorescence. The donor/acceptor pairs N-Rh-PE/N-NBD-PE were incorporated into the vesicles containing v-SNARE. Fusion between v-SNAREreconstituted vesicles and t-SNARE-reconstituted vesicles leads to the dilution of dyes and, consequently, an increase in the average distance between the donor and the acceptor, which results in an increase in donor fluorescence. The red line is the time trace of the fluorescence change after mixing reconstituted yeast v-and tSNAREs. The black line is the control run after mixing only reconstituted Sso1pHT and reconstituted Snc2pF without adding Sec9c. The blue line is the time trace for neuronal SNAREs, indicating virtually no lipid mixing. The fusion reaction was terminated by introducing 1% (v/v) Triton X-100, which results in the sudden jump in the fluorescence intensity. membrane interaction plays a central role in determining whether particular membrane fusion machinery should be regulated or constitutive.
Materials and methods
Plasmid constructs and site-directed mutagenesis
Genes for yeast SNAREs were obtained from Dr James McNew at Rice University. DNA sequences encoding Sso1pH3 (amino acids 185-265), Sso1pHT (amino acids 185-290), Snc2pS (amino acids 1-93), and Snc2pF (amino acids 1-115) are inserted into the pGEX-KG vector between EcoRI and HindIII sites as N-terminal glutathione S-transferase (GST) fusion proteins. Sec9c (amino acids 401-651) is inserted into pET-24b( þ ) between NdeI and XhoI sites as a C-terminal His 6 -tagged protein. In order to introduce a unique cysteine residue for the specific nitroxide attachment, native cysteine 266 of Sso1pHT and native cysteine 94 of Snc2pF were mutated to alanines. QuickChange site-directed mutagenesis (Stratagene) was used to generate all mutants and DNA sequences were confirmed by the Iowa State University DNA Sequencing Facility.
Protein expression, purification, and spin labeling Recombinant GST fusion proteins were expressed in E. coli Rosetta (DE3) pLysS (Novagene). The cells were grown at 371C in LB medium with glucose (2 g/l), ampicillin (100 mg/ml), and chloramphenicol (25 mg/ml) until the A 600 reached 0.6-0.8. Isopropyl-b-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM. The cells were grown further for four more hours at 221C. The cell pellets were collected by centrifugation at 6000 r.p.m. for 10 min.
GST fusion proteins were purified by affinity chromatography using glutathione-agarose beads (Sigma). The frozen cell pellet was resuspended in resuspension buffer (phosphate-buffered saline, pH 7.4, with 0.5% Triton X-100 (v/v), PBST) with 2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF) and 5 mM dithiothreitol (DTT). The cells were broken by sonication on an ice bath. For Snc2pF and Sso1pHT, 1% of n-lauroyl sarcosine was added to the solution before sonication. The cell lysate was centrifuged at 15 000 Â g for 20 min at 41C. The supernatant was mixed with glutathione-agarose beads in the resuspension buffer and nutated at 41C for 40 min. The protein-bound beads were washed with an excess volume of washing buffer (phosphate-buffered saline, pH 7.4). For Sso1pHT and Snc2pF, 0.2% (v/v) Triton X-100 was added, while no detergent was added for Sso1pH3 and Snc2pS when washing. The beads were then washed with thrombin cleavage buffer (50 mM Tris-HCl, 150 mM NaCl, 2.5 mM CaCl 2 , pH 8.0), either with 0.2% Triton X-100 for Sso1pHT and Snc2pF, or without detergent for Sso1pH3 and Snc2pS. Finally, the proteins were cleaved from the resin by thrombin (Sigma) at room temperature for 40 min. AEBSF was added to the protein after cleaving from the resin (2 mM final concentration). The protein was stored at À801C with 10% glycerol.
Cysteine mutants of Snc2pF were spin-labeled before thrombin cleavage. After the cell lysate was incubated with beads and washed with PBS buffer with 0.2% Triton X-100, DTT was added to a final concentration of 5 mM at 41C for 40 min. The beads were then washed eight times with an excess volume of PBS buffer with 0.2% Triton X-100 to remove DTT. An approximately 20-fold excess of (1-oxyl-2,2,5,5-tetramethylpyrrolinyl-3-methyl)methanethiosulfonate spin label (MTSSL) was added to the protein, and the reaction mixture was left overnight at 41C. Free MTSSL was removed by washing with excess PBS buffer with 0.2% Triton X-100. The proteins were cleaved by thrombin in cleavage buffer with 0.2% Triton X-100.
The His 6 -tagged protein Sec9c was expressed in E. coli Rosetta (DE3) pLysS. The cells were grown at 371C in LB medium with glucose (2 g/l), kanamycin (30 mg/ml), and chloramphenicol (25 mg/ml) until the A 600 reached 0.6-0.8. After the addition of IPTG (1 mM), the cells were grown further for four more hours at 301C. The cell pellets were collected by centrifugation at 6000 r.p.m. for 10 min.
For purification, the frozen cell pellet was resuspended in lysis buffer (PBS buffer with 20 mM imidazole, 0.5% Triton X-100, 2 mM AEBSF, pH 8.0). After sonication on ice, the cell lysate was centrifuged at 15 000 g for 15 min at 41C. The supernatant was mixed with nickel-nitrilotriacetic acid-agarose beads (Qiagen) in lysis buffer. The mixture was nutated for binding at 41C for 40 min. After binding, the beads were washed with washing buffer (PBS buffer with 50 mM imidazole, pH 8.0). Then the protein was eluted by elution buffer (PBS buffer with 250 mM imidazole, pH 8.0). The protein can be kept at À801C with 10% glycerol. All purified proteins were examined with 15% SDS-PAGE.
Membrane reconstitution and electron microscopy
Large unilamellar vesicles (B100 nm in diameter) of POPC containing 15 mol% of DOPS were prepared in cleavage buffer containing no detergent using an extruder. The total lipid concentration was 100 mM. Proteins were mixed with vesicles at an B1:300 protein-tolipid molar ratio. The detergent was removed by treating the sample with Bio-beads SM2 (Bio-rad). Bio-beads was first washed extensively with deionized water. After washing, water was decanted from Bio-beads as much as possible using a pipette after centrifugation. Bio-beads was then directly added to the sample in the ratio of 200 mg per 1 ml of the mixed solution. After 45 min of nutation, Bio-beads was removed from the sample by taking out the solution using a pipette after centrifugation at 5000 g. The same procedure was repeated three times. We found that this new Biobeads method improved the yield of protein incorporation into vesicles.
The reconstituted vesicles were concentrated using 100 kDa molecular weight centrifugal filter (Millipore) before taking the EPR spectra. Protein-reconstituted vesicles were characterized with negative-staining electron microscopy. The sample was stained with 1% phosphotungstic acid (pH 6.7) after the protein sample was spread on the 200-mesh formvar and carbon-coated grids. The micrograph ( Figure 1B ) was taken on a JEOL 1200 EX electron microscope. Most vesicles were B100 nm in diameter.
All EPR measurements were performed with samples prepared with the Bio-beads method. The EPR binding assay experiments were repeated using samples prepared with the dialysis method for proper comparison with the result from neuronal synaptobrevin. The results from the two methods were identical within experimental uncertainty. Conversely, neuronal SNAREs were reconstituted into vesicles using the Bio-beads method. We observed the complete inhibition of SNARE assembly, identical to our previous results obtained with the samples prepared with the dialysis method (the data are provided as Supplementary data).
EPR data collection and accessibility measurements EPR spectra were obtained using a Bruker ESP 300 spectrometer equipped with a loop-gap resonator. The accessibility measurements were performed following the procedure described elsewhere (Kweon et al, , 2003b .
Fluorescence-quenching experiment
The wild-type sequence of Snc2pF was reconstituted into POPC vesicles containing 15 mol% DOPS, using the dialysis method that was used for the reconstitution of synaptobrevin in our previous work. The concentration of Snc2pF was 5 mM and total lipid concentration was B2.5 mM. The detailed procedure of the fluorescence experiment is described elsewhere (Kweon et al, 2003b) . The data were collected at 201C.
Fusion assays
For lipid-mixing assay, two different vesicle solutions that represent the initial conditions were separately prepared. Chloroform solutions of POPC and DOPS were mixed in a test tube (85:15 mol/mol). Also, 2 mol% each of N-(lissamine Rhodamine B sulfonyl)phosphatidylethanolamine (N-Rh-PE) and N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phosphatidylethanolamine (N-NBD-PE) were included to a portion of the mixture. After drying the solution with a blow of nitrogen, the test tubes are put in vacuum for several hours for further drying. Snc2pF (or synaptobrevin) was reconstituted into the fraction containing fluorescence labels, while Sso1pHT (or syntaxin) was reconstituted into the unlabeled fraction. The detergent in the samples was removed by the Bio-beads method. The samples were then dialyzed overnight, following the procedure described elsewhere (Kweon et al, 2003b) , to remove any trace amount of detergent that might interfere with the fluorescence measurements. After dialysis, the solution was centrifuged at 10 000 g to get rid of protein and lipid aggregates. The lipid-toprotein ratio was aimed at approximately 300:1. Prior to the fusion assay, Sso1pHT-reconstituted vesicles were mixed with Sec9c in a molar ratio of 1:1, and the mixture was incubated at 371C for 30 min to help the formation of the binary t-SNARE complex. To monitor the lipid mixing, Snc2pF-reconstituted vesicles were mixed with the t-SNARE-reconstituted vesicles in a ratio of 1:9. The final solution contains approximately 1 mM lipids. Fluorescence was measured at excitation and emission wavelengths of 465 and 530 nm, respectively. Fluorescence changes were recorded with a Varian Cary Eclipse model fluorescence spectrophotometer using a quartz cell of 400 ml with the 2 mm path length. We used the same conditions in an attempt to monitor the lipid mixing induced by neuronal SNAREs. We used recombinant Syntaxin 1A without the Habc domain (SynHT, amino acids 199-288), SNAP-25 (amino acids 1-206), and full-length synaptobrevin (amino acids 1-116) for the fusion assay. Expression, purification, and reconstitution of these neuronal SNAREs are described elsewhere (Kweon et al, 2003b) .
Supplementary data
Supplementary data are available at The EMBO Journal Online.
